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EXPERIMENTAL STUDIES
Diastolic Stiffening Induced by Acute Myocardial Infarction Is
Reduced by Early Reperfusion
PETER B . KURNIK, MS, MD, FACC, MICHAEL R. COURTOIS, MA,
PHILIP A. LUDBROOK, MB, BS, FRACP, FACC
Sr. Louis, Missouri
Reperfusion early during myocardial infarction Improves
ejection fraction and ibis improvement may represent
myocardial salvage in the injured segment. Alternatively,
reperfaslon of injured myocardium ray cause intramyo-
cardial hemorrhage with resultant increased stiffness caus-
ing
a dyskinetic segment to become akirsetie, thus improv .
ing ejection fraction without concomitant myocardial
salvage . To evaluate this possibility, diastolic stiffness
was
assessed In a closed chest, anesthetized, normothermic dog
model immediately after a I or 3 h occlusion of the left
anterior descending coronary artery and during the 4
weeks after occlusion .
Acute myocardial infarction in experimental dogs was
accompanied by a fivefold increase in the chamber stiffness
Reperfusion early in the course of acute myocardial infarc-
tion has been shown to improve both global and regional
ejection fraction in experimental animals and in humans .
Whereas it is hoped that this result represents myocardial
salvage in the injured segment, other explanations should be
considered. Repeffusion of injured myocardium may cause
intramyocardial hemorrhage or edema or myofibrillar con-
fracture (1-4). Resistant increased stiffness could cause a
dyskinetic ischemic segment to become akinelic and thus
improve both global and regional ejection fraction without
concomitant myocardial salvage .
In an attempt to resolve this issue, the present investiga-
tion was designed to assess changes in diastolic stiffness
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constant, a threefold increase in the myocardial
stiffness
constant and a signi&cent increase in elastic stiffness and
end-diastolic pressure. These changes occurred contempo-
raneously with a marked decline in ejection fraction . Early
reperfusion (I It occlusion) resulted In improvement of the
ejection fraction accompanied by simultaneous resolution
of the previously increased stiffness . Late reperfosion (3 h
occlusion) resulted In permanent depression of ejection
fraction with permanent elevation of stiffness . These results
indicate that the improved systolic function observed after
early reperfasion reflects a process other than increased
stiffness, perhaps salvage of jeopardized myocardium .
(J Am Coll Cordial
7988;12
:1029-36)
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after coronary occlusion and reperfusion to distinguish myo-
cardial salvage from reperfusion-induced damage and
stiff-
ening.
The study design also enabled us to determine how
soon reperfusion must occur to induce significant myocardial
salvage .
Measurements of myocardial fonctic
.n were made imme-
diately after a I or 3 h occlusion of the left anterior descending
coronary artery and during the 4 weeks after occlusion in a
closed chest, anesthetized, normothermic dog model . Control
dogs had no occlusion or permanent coronary occulsion . A
refined mathematic model for myocardial stiffness was em-
ployed, in addition to standard definitions of chamber stiff-
ness, clastic stiffness and ventricular relaxation.
Methods
Dog groups. Four groups of dogs were investigated . Left
anterior descending coronary artery occlusion of selected
duration was achieved with a percutaneously introduced
coronary angioplasty balloon
. Early reperfusion was in-
duced by deflation of the balloon after I h and late reperfu-
sion by deflation after 3 h . Permanent occlusion was
achieved by percutaneous placement of a thrombogenic
copper coil in the left anterior descending coronary artery
.
0735 .10971"h3.50
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No coronary occlusion was induced
in the control group.
Dogs were entered into each group
until five successful
experiments (defined as survival with complete
evaluation 4
weeks after infarction) were achieved in each group . Studies
conformed to the "Position of the American Heart Associ-
ation on Research Animal Use ."
Dog preparation . Mongrel dogs that were conditioned
against infestation, weighing 25 to 35 kg, were studied in the
baseline state, during acute left anterior
descending coro-
nary artery occlusion and at 1, 2, and 4 week follow-up
studies. Each experiment included performance of contrast
left ventriculography with simultaneous
recording of intra-
cardiac hemodynamic variables . All instrumentation was
introduced perclttaneously so as to avoid
disruption of the
normal thoracic anatomy, with particular regard to mainte-
nance of normal pericardial physiology .
Each dog received subcutaneous morphine sulfate (I mg/
kg body weight) 30 min before general anesthesia with
intravenous sodium pentobarbital (12.5 mg/kg) and alpha
chloralose (60 mglkg) dissolved in a 40% solution of poly-
ethylene glycol and normal saline . Dogs were then intubated
and ventilated with a Harvard respirator . A jugular vein,
femoral vein and femoral artery were isolated and a sheath
(Cordis 8F) was placed in each . Intravenous heparin sodium
(75 USP U/kg) (except in dogs receiving a copper coil for
permanent occlusion) and intramuscular penicillin (600,000
U) were administered. Under fluoroscopic guidance, a 7F
Swan-Ganz thermodilution cardiac output catheter was di-
rected from the jugular vein to the pulmonary artery . An 8F
micromanomeler-angiographic catheter (Millar Instruments,
model 484A) was directed from the femoral artery to the left
ventricle
. For each subsequent experimental recording, spe-
cial care was taken to place the Millar catheter in a similar
position within the ventricle .
To enhance the stability
of the Millar catheters, the
micromanometer tip of each was immersed in a saline
solution for a minimum of 12 h before use. Immediately
before introduction into the dog, the micromanometer cath-
eters were calibrated relative to atmospheric pressure away
from ambient light, and 20 mm Hg calibration
pulses were
fed to a multichannel instrumentation recorder (Hewlett-
Packard, model 3968A) and to a photographic recorder
(Honeywell Visicorder, model 150KB) by way of two control
units (Mu /ar Instruments, model T 00) . 11eliledisiRly
after the experimental recording, the micromanometer cath-
eters were removed from the dog and their zero
baselines
were rechecked . At this time, any baseline shift was noted
and a second set of calibration pulses was recorded. With
this technique, the drift from preinsertion to postremoval
calibration was <0
.2 mm Hg in all but a couple of record-
ings
; in those cases, after dissipation of contrast effect, the
recording sequence was repeated
.
The electrocardiogram
(ECG) was recorded from subcutaneously inserted elec-
trodes .
JACC Vol . 12. No. 4
Orb S ., 19PP :1029-36
During the initial procedure baseline studies were re-
corded, and in all dogs left coronary arteriography was
performed. In dogs undergoing reperfusion, either a I or a 3
h left anterior descending coronary artery occlusion was
induced with use of an angioplasty
balloon catheter. A
copper coil was inserted into the left anterior descending
coronary artery in dogs undergoing permanent coronary
occlusion
. The left carotid artery was isolated and a custom-
modified USCI Gruntzig 9F guiding catheter was inserted
and directed to the aortic root to allow introduction into the
left anterior descending artery of either a 3 mm balloon
angioplasty catheter (USCI Gruntzig Dilaca type DG) or a
copper coil
.
The coil was inserted as described by Kordenat and Kezdi
(5). Briefly, with the dog in the right anterior oblique posi-
tion, the Gruntzig guiding catheter was positioned selec-
tively in the left anterior descending artery . A 0.021 in .
guidewire was inserted into the left anterior descending
artery and the guiding catheter was removed . A copper coil
(0 .5 mm diameter copper wire wrapped in a spiral around a
19 gauge needle up to a length of 5 mm) was then placed
over
the guidewire and advanced into the left anterior descending
artery distal to the origin of the first diagonal branch with a
special catheter (Formacath, 0 .025 in. inner diameter x
0.038 in . outer diameter). The guidewire was then removed
and a 19 gauge needle was inserted into the Formacath
catheter allowing contrast angiographic verification of the
occlusive thrombus, which formed within 10 min .
The angioplasty balloon catheter was inserted by a
method similar to that used by Corday et al. (6). The guiding
catheter was inserted into the left main coronary ostium, and
the angioplasty balloon catheter was advanced into the left
anterior descending artery just distal to the first diagonal
branch . The guiding catheter was then pulled back to a level
above the aortic cusps.
The balloon was inflated to a
pressure of 3 atm for the appropriate length of time with the
use of a USCI angioplasty pressure manometer filled with a
1 :1 solution of Hypaque-76 and water. Reperfusion at the
appropriate time was achieved by deflation and removal of
the balloon catheter. In an attempt to simulate a condition of
gradual reperfusion, the angioplasty manometer was first
lowered to a pressure of 0 arm for 10 min, then negative
pressure was applied for 10 min and finally the balloon
catheter was removed from the dog .
To prevent clot formation on the angioplasty catheter in
the two reperfusion groups, a second heparin sodium injec-
tion was administered (250 USP U/kg) just before catheter
placement and a third heparin injection (half of the initial
dose) was given at the 90 min mark in the 3 h occlusion
group . Heparin was also administered in the control group
after left coronary angiography, and in the permanent occlu-
sion group 15 min after total occlusion had been verified by
left coronary angiography and precordial ST segment eleva-
tion. Before catheter removal, heparin effect was reversed
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with protamine sulfate (12 mg/1
.000 USP U heparin sodium) .
Before occlusion, all dogs received a lidocaine bolus injec-
tion (2 mg/kg) followed by a constant drip infusion (2 mgt
min) continuing for I h after left ventriculography . Through-
out all phases of the experiment. precordial lead V, was
monitored as was core body temperature by way of the
Swan-Ganz thermodilution catheter. Normal body tempera-
ture was carefully maintained with use of electric heating
pads because of our demonstration of the sensitivity of
ventricular dynamics to changes in temperature (7)
.
Experimental protocol. The data collection for each time
point consisted of simultaneous recording of cineventriculo-
grams and hemodynamic data as previously described (8,9)
with all dogs positioned in the left lateral projection
. Base-
line recordings were made before coronary instrumentation .
Five to 10 s before contrast injection, ventilation was sus-
pended at maximal inspiration ; 20 ml of contrast medium
(Hypaque-76) was administered at a rate of 10 ml/s with use
of an ECG-triggered injector (Medrad Mark 4) with tine
recording at 64 frames/s
. Subsequently, a single well opaci-
lied beat was chosen for analysis . Beats occurring during the
2
.0 s injections as well as premature ventricular complexes
and the following complexes were excluded . Left ventricular
micromanometric pressures, femoral arterial pressure, sur-
face ECG and tine frame pulses were recorded on frequency
modulated magnetic tape and on the paper recorder . Ther-
modilution cardiac output and pulmonary artery pressure
were obtained immediately before each injection .
Coronary occlusion with an angioplasty balloon or coil
was then performed in the intervention groups. Data record-
ings were repeated I or 3 h after balloon inflation and I h
after coil-induced thrombosis
. All instrumentation was then
removed, incisions were repaired and the dogs returned to
their cages and observed until the time of the next study .
Data recording was not performed immediately after reper-
fusion because this procedure was not essential to our
investigation and because the rhythm frequently consisted of
ventricular tachycardia or bigeminy .
Follow-up studies were performed l, 2, and 4 weeks after
the intervention .
Dogs were anesthetized, instrumented,
monitored and maintained as described earlier ; however,
their carotid artery was not isolated, no lidocaine or second
heparin injection was administered and they received only a
single left ventricular irjcctioa . Co . --.a-,, a .
	
aphy wass
performed by way of the femoral approach at 4 weeks . After
the 4 week study, each dog was killed by intravenous
injection of a saturated solution of potassium chloride . The
heart was removed and examined and preserved in a 10%
solution of formaldehyde .
Mathematical modeling . The myocardial stiffness con-
stant
(I.,)
was der:• ed as previously described (8) from the
high fidelity pressure and dimension data, with use of an
algorithm that obviates the need for estimation of ventricular
dimensions at zero stress . The stress-radius relation is
KURNIK ET At ..
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derived from accepted stress (u) and strain (El functions
without explicit constraints or assumptions such as an ex-
ponential fit . The derivation was performed as directly as
possible to minimize reliance on curve fitting . The left
ventricle was modeled as a thick walled prolate sphere with
minor radius to the midwall = R. Midwatl equatorial stress
lo)
was derived as a modification of the method of Mirsky
(10) and strain was defined as natural strain :
PR I R2 h
a= h
-
2A=-2R) -
where P = left ventricular intracavitary pressure, h = wall
thickness and A = major radius to the midwall
. Assuming
the o - e relation is exponential, the stress-radius relation
can be shown to be a power function and k s , the myocardial
stiffness constant, is related to the curvature (C) of that
function (C I , C, are derived constants):
o- C' + C41 .
Elastic myocardial
.sriffness (E) was expressed in the form
F = do/de = kso + d
and was evaluated at a common stress level of r= 20 kdyne/
cm', which was within the physiologic range for nearly all
dogs. Wall thickness was measured along the free anterior
wall at end-diastole. Assuming constant wall mass, wall
thickness was calculated for other points in time as a
function of cavitary volume .
The chamber stiffness constant (ke ) was derived from the
pressure-volume (P-V) data in the form P = B
i t:
I' + B,
because we found this to provide a considerably better fit to
the observed data than the simpler P = B 3e`P~ . BI . B„ 8, are
derived constants. Diastolic function was analyzed from
minimal pressure to peak a wave pressure .
The time constant of ventricular relaxation (T) was cal-
culated by a best fit technique in the form described by
Thompson et al . (H) :
Pit) = PAe- i , + Po
over the interval from the occurrence of minimal first deriv-
ative of left ventricular pressure dP/dt until the time when P
decreased to the level of end-diastolic pressure ; Pa is the
pressure asymptote at t = infinity, PA + Pr is the pressure at
the time of minimal dP/dt (t = 0) and T is the time needed for
Pit) - Pa to decrease to Ile of its initial value .
Statistical analysis. Analysis of variance (ANOVA) was
performed using Statistical Analysis System (SAS) . Each
experimental group was compared with the set of control
dogs at the corresponding time points with use of Student's
t test .
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Table 1 . Systolic and Diastolic Function in
15 Experimental and 5 Control Dogs at Baseline, During Acute Myocardial Infarction and at
4 Week Follow-up (mean ± SD)
	p < 0.105 versus control group at conespanding lime point; rp < 0.05.
Results
Experimental groups. Five dogs died during acute occlu-
sion and four during the first 2 weeks of follow-up . Thus,
complete data through 4 weeks of follow-up are presented on
five dogs in each of the four experimental groups . At 4
weeks, all dogs receiving a coil had persistent coronary
occlusion and all other dogs demonstrated continued coro-
nary potency .
Hemodynamic variables are presented in Table 1 for each
of the four experimental groups.
Statistical comparisons are
with control dogs at corrcspondiag lice points . Differences
among groups for the three key variables were assessed by
ANOVA and found to have p<0.0001 for ejection fraction,
p<0
.0o01 for the chamber stiffness constant and p=0.0202
for the myocardial stiffness constant .
For clarity, data from
I and 2 weeks are not tabulated but were, in general, similar
to those at 4 weeks of follow-up.
Ejection fraction (Fig . 1) . This variable was substantially
decreased I and 3 h after coronary occlusion . Dogs under-
going late reperfusion (3 h) showed an
improvement toward
normal but ejection fraction remained depressed from 1 to 4
IACC Vol . 12
. No . 4
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Figure 1 . Ejection fraction in the baseline state, at the peak of left
anterior descending coronary artery occlusion (acute) and at I and 4
weeks after reperfusion . Ejection fraction markedly declined during
coronary occlusion, improved after early rep=.rfusion (I h occlusion)
and remained permanently depressed after late reperfusion (3 h
occlusion). Statistical comparisons are with control dogs at corre-
sponding"' e points.
MeantSEM •p e0
.05 • • p<oA25•'p-Q005
Variable
Control
(n - 5)
I h Occlusion
(n = 5)
3 h Occlusion
(e = 5)
coil
In = 5)
Ejection fraction
Baseline
51 .6 x 8.2 49.8x7.5 50.4 7.2 50.4±9 .9
Acute 50.4 x 12.5 27 .0_3.8• 32 .226.8t
33.8±4 .61
4 weeks 57.2 x 5.0 50.4!6 .0 47.8 6.11
49 .625 .01
Chamber stiffness constant Ik nl Ililcr'I
Baseline 11 x 3 11x5
13x6 14x9
Acute 11 x 5
55 x 320 77 x 9' 29 x 101
4 weeks
14 2 5 16 2 17 34 x 200 35 x to-
Myocardial stiffness constant (k,l
Baseline 8.9 x 4
.8
7.9 24 .1
8.122 .9 6.202.4
Acute
7.1 x 4 .2 21.2x9 .21 25.109 .2' 14.4 6.6t
4 weeks
10.6 x 5 .5 8.323 .2 14.8x7 .2 12.8x5.2
Elastic stiffness (E) Ikdynelcm'I (ol e= 20 kdynehms l
Baseline 279 .7 ± 101 .5
211 .7 x 55 .7 215 .2 ± 44.8 249.6 ± 33.6
Acute 169
.0 x 92 .4 345 .0 x 62.41 447 .5 x 84.6' 280.9 x 63.41
4 weeks 218 .9 x 72 .8
195
.0
0
30.6
277 .2 x 124.2 268.8 *_ 63.5
End'diastolic posture (mm Hg)
Baseline 9.5 ± 2.6 11 .2'x3.2 11
.3x1 .0 10 .0x2.1
Acute 6.7 x 1
.9
14 .4 , 4.4-
12 .4x2.6' 11 .3x2.0'
4 weeks 8.6 x 1 .7 9.8x3.1 12 .8x5.3
12 .1x4.2
Relaxation time constant IT) firs)
Baseline 43 .8 x 4.3 41 .5x2.2 42.103.0 42 .2x5.2
Acute 40.4 ± 4.1 41 .0 37.8x7.9 43 .5x6
.4
4 weeks 40.9 x 7.5 46.3!7.5 41
.2x7
.2
47 .8x6.9
Mean arterial pressure hum Hg)
Baseline 104.6 2 7.4 106.8 ± 17.4 104.2 ± 11 .8 108 .0 . 13.9
Aculc 116.2 *- 6 .0 110.4 123.0x13 .0 119.2x2.7
4 weeks 97.8 x 11 .6 102.0x5 .1 104.0x14.5 101 .4
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Figure 2. Chamber stiffness constant in the baseline state, at the
peak of left anterior descending coronary artery occlusion (acute)
and at I and 4 weeks after reperfusion . The chamber stiffness
constant markedly increased during coronary occlusion, resolved
after early reperfusion (I h occlusion) and remained permanently
elevated after late reperfusion (3 h occlusion) .
weeks after infarction. This same pattern was noted in dogs
with permanent coronary occlusion . Early reperfusion (I h)
resulted in return of ejection fraction to normal . Ejection
fraction remained constant over the 4 week period in control
dogs.
Chamber stiffness (Fig. 2) . The chamber stiffness con-
stant showed an analogous but reciprocal pattern. One or 3
It of coronary occlusion increased the chamber stiffness
constant fivefold
. Early reperfusion after I h resulted in
return of the chamber stiffness constant to control values by
I week after infarction and maintenance at control levels
through the 4 week period of observation
. This occurrence
obviously corresponds to the improvement in ejection frac-
tion noted in the same dogs after early reperfusion and
follows the same temporal pattern. Conversely, reperfusion
after 3 h of infarction resulted in a permanent increase of the
chamber stiffness constant that was similar to that observed
in dogs with permanent occlusion . By I week, the chamber
stiffness constant was lower than the peak noted during the
acute phase, but remained 2 .5 to 3 times control values
during the 4 week period of follow-up. This result corre-
sponds in both the 3 h and permanent occlusion groups to the
persistent reduction of ejection fraction with smaller magni-
tude abnormality during recovery than during the acute
insult . Stiffness remained unchanged during the 4 week
period of observation in the control dogs .
Myocardial stiffness (Fig . 3). Changes in the myocardial
stiffness constant paralleled those in the chamber stiffness
constant . After I or 3 h of coronary occlusion, the myocar-
dial stiffness constant increased threefold . After early coro-
nary reperfusion (at I h) intrinsic myocardial stiffness re-
turned to control values by I week after infarction and
control levels persisted through the 4 week observation
KURNIK ET AL .
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Figure 3. Myocardial stiffness in the baseline state, at the peak of left
anterior descending coronary artery occlusion (acute) and at I and 4
weeks after reperfusion. The myocardial stiffness constant markedly
increased during coronary occlusion and resolved after early reper-
fusion (I h occlusion) . It remained numerically elevated after late
reperfusion (3 h occlusion) but not statistically separated from the
control group.
period . As was the case for the chamber stiffness constant,
the changes in the myocardial stiffness Constant were recip-
rocal to the changes in ejection fraction. The myocardial
stiffness constant assessed I to 4 weeks after late or no
reperfusion similarly remained numerically elevated, but this
difference from the control group did not reach statistical
significance .
Elastic stiffness. Elastic stiffness (which permits compar-
ison of stiffness among dogs at a common level of stress) and
left ventricular end-diastolic pressure (an index subject to
several influences in addition to stiffness) showed similar
changes . Both variables suggested significantly increased
stiffness during acute myocardial infarction with complete
resolution of this stiffening when coronary reperfusion was
induced early . These variables remained numerically ele-
vated when reperfusion was late or absent, but the difference
from control levels did not reach statistical significance .
The time constant of ventricular relaxation T was not
significantly altered by infarction or reperfusion . MeL
. arte-
rial pressure was unchanged during infarction and reperfu-
sion in all four groups and thus should not have affected
variables sensitive to afterload .
Discussion
Previous studies. The effects of acute myocardial infarc-
tion on various indexes of left ventricular diastolic function
have been reported but remain controversial . Hood et al
.
(12) found increased chamber stiffness 3 to 5 days after left
anterior descending coronary artery occlusion in dogs . They
(13) also found increased stiffness after 30 min of global
ischemia in isolated rat hearts . Conversely, the same inves-
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tigators (14) found that their index of regional ventricular
stiffness declined during the 1st h after left anterior descend-
ing artery occlusion in dogs but returned toward normal by 6
h. Forrester et al . (15) found a decrease of passive elastic
modulus 1 after circumflex coronary occlusion in five
excised canine hearts. Palacios et al. (16) observed no
change in the pressure-volume relation I or 2 h after global
coronary hypoperfusion but did note a lengthened isovolume
relaxation period (17). Mathey et al . (18) found increased
chamber stiffness and prolonged relaxation 5 h after left
anterior descending coronary artery occulsion in seven dogs .
Diamond and Forrester(19) studied 12 patients 21o 25 h after
acute myocardial infarction and observed increased stiff-
ness. Each of these investigators used a different measure of
diastolic function, spanning early diastolic relaxation and
myocardial and chamber stiffness . Diastolic function, espe-
cially isovolumic relaxation, is very sensitive to the hypo-
thermia that occurs spontaneously in experimental animals
during genera) anesthesia (7) and may have contributed to
the disparate results of some of these studies . Bogen el al .
(20) contribute a model of how infarctcd tissue may interact
with normal myocardium to affect left ventricular function,
using data from previous investigators . Swan et al . (21) in
their "conceptual model" review of infarction hemodynam-
ics believed that changes in compliance during the acute
phase of infarction were very important but poorly defined .
They cited evidence for small increases of compliance as
well as possible mechanisms for rapid decreases of compli-
ance that would diminish dyskinesia .
Tire influence of reperfusion on left ventricular diastolic
function during acute myocardial infarction has been inves-
tigated even less extensively . Palacios et al. (16) observed
that the diastolic pressure-volume relation was unchanged
after I or 2 h of hypoperfusion and remained unchanged after
I h of reperfusion . Apstein et al . (13) reported increased
stiffness after 30 min of global ischemia with further stiff-
ening after 30 min of subsequent reperfusion. Pirzada et al .
(22) notes increased stiffness after 6 h of left anterior
descending coronary artery occlusion in dogs ; stiffness was
even more increased after 15 min of subsequent refiow . The
maxima! follow-up after reperfusion in these studies was I h .
Acute infarction and diastolic function . In the present
study, diastolic chamber and myocardial stiffness constants
were shown to be dramatically increased I and 3 h after
coronary occlusion . The chamber stiffness constant in-
creased fivefold, the myocardial stiffness constant increased
threefold and elastic stiffness and left ventricular end-
diastolic pressure showed substantial elevation during the
acute phase of infarction . The observed increase in stiffness
was similar at I and 3 h after occlusion of the left anterior
descending artery . This increase in stiffness occurred con-
comitantly with the decline in ejection fraction from 50 to
31%
. The relaxation time constant was unchanged . It is
difficult to compare these results with previous reports
tACC Vol . 12, No
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because of variations in experimental technique and in
choice of indexes. Nevertheless, most investigators agree
that acute infarction results in increased diastolic stiffness .
Reperfusion and diastolic function . The present investiga-
tion corroborates previous findings that coronary occlusion
with late or no reperfusion causes permanent reduction of
the ejection fraction whereas coronary reperfusion, if suffi-
ciently early, may restore ejection function to near normal
values . The aim of the current study was to ascertain
whether this improved systolic function was associated with
improved diastolic properties of the jeopardized myocar-
dium or, rather, whether reperfusion-induced stiffening oc-
curred with resultant reduction of dyskinesia and apparent
improvement in regional and global systolic contraction . Our
results clearly showed that diastolic stiffness, which was
markedly increased during acute infarction, declined toward
control values after reperfusion in synchrony with recovery
of ejection fraction . Thus, the increased chamber stiffness
constant, myocardial stiffness constant, elastic stiffness and
end-diastolic pressure and decreased ejection fraction all
returned to control values concomitantly after early
reper-
fusion . Late reperfusion and absence of reperfusion resulted
in permanent reduction of ejection fraction and permanent
elevation of the chamber stiffness constant, although both
were neater to control values during recovery than during
the acute phase. Measures of diastolic and systolic function
were very similar 1, 2 and 4 weeks after occiusion/reperfu-
sion, suggesting that functional status I week after reperfu-
sion is reflective of permanent functional status,
Thus, these results indicate that the improved systolic
function observed after early reperfusion reflects a process
other than stiffening, perhaps salvage of jeopardized myo-
cardium . Previous work on reperfusion and diastolic func-
tion is limited and comparison is difficult because of the
disparity of techniques and indexes . The studies summarized
here measured diastolic function a maximum of I h after
reperfusion, a period that may be far too brief, and this
followed occlusion of up to 6 h, which is likely too long to
allow significant salvage
.
Study strengths . Our study design allowed analysis of the
effect of infarction and of early and late reperfusion on
several physiologically based indexes of diastolic function .
Controls included both dogs with permanent coronary oc-
clusion and with uninstrumented coronary arteries . Fol-
low-up to 4 weeks was performed . Thoracic and pericardial
integrity was fully maintained so as not to petturb diastolic
function and ventricular interaction . Because preliminary
studies (7) demonstrated a major temperature dependence of
diastolic function, normothermia was carefully maintained .
A model for evaluation of myocardial stiffness was used that
requires no assumptions regarding the stress-radius relation
or direct measurement of strain .
Study limitations. The two major limitations of this study
were 1) the inability to completely simulate infarction and
JACC Vol. 12 . No. 4
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reperfusion as it might usually occur
in the clinical setting
and 2) an analysis based on measurement of global rather
than regional function . Infarction was modeled in terms of
single vessel occlusion ii,
?
„sly ion! heart, which
may not be the case clinically . Noneiheless, there is proba-
bly reasonable approximation of functional changes that
might occur with a first myocardial infarction
. Thrombotic
coronary occlusion induced by the copper coil occurred
more gradually than did occlusion by balloon inflation ;
attempts were made to achieve reperfusion over a period of
20 min during angioplasty balloon deflation. As is usually the
case with a canine model of infarction, even permanent
occlusion allowed return of some function over a period of
time . Nonetheless, the fact that the pattern of change in
diastolic stiffness closely mirrored that of ejection function
during infarction and recovery indicates that reperfusion and
the resultant more complete systolic improvement are asso-
ciated with more oomphle re.. .l :aisai of abnormally in-
creased stiffness.
Because the effects of coronary artery disease are inher-
ently regional, global indexes of left ventricular function arc
less sensitive than are regional descriptors . Accurate mea-
surements of regional chords or areas, regional wall thick-
ness and, especially, regional intracavitary pressures (23)
and regional intrapericardial pressures
(24)
are challenging in
an intact animal
. The aim of this study was to elucidate
whether the observed changes in global ejection fraction
were associated with beneficial or deleterious responses in
stiffness . The fact that global indexes of stiffness show clear
and consistent changes in the same temporal
patterns as the
ejection fraction (but directionally opposite) suggests that
the global indexes are useful until regional evaluation is
possible.
The physiologic significance of viscous forces and thus
the
need for a more complex model remains controversial .
Rankin et al. (25) used an entirely different model that
included analysis through the completion of atria) systole
and did find a viscous contribution . Pasipoularides et al . (26),
however, found that viscous properties were not significant
even in aortic stenosis .
The lack of change in the time constant of relaxation in
response to infarction and rperfusion was unexpected but
may in part be due to mild increases in heart rate during
infarction that were not statistically different from those
noted in control dogs . Thus, partial inverse dependence
of
relaxation time constant on heart rate may have masked mild
prolongation of relaxation by infarction
. If it were possible to
measure regional relaxation, this result might be more sen-
sitive (27).
Conclusions. Acute myocardial infarction in experimen-
tal dogs was accompanied by a fivefold increase in the
chamber stiffness constant, a threefold increase in the myo-
cardial stiffness constant and a significant increase in elastic
stiffness and end-diastolic pressure . These changes occurred
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contemporaneously with a marked decline in ejection frac-
tion . Early reperfusion
( I h occlusion) resulted in improve-
ment of the ejection fraction, accompanied by simultaneous
resolution of the previously increased stiffness. Late reper-
fusion (3 h occlusion) resulted in permanent depression of
ejection fraction with permanent elevation of stiffness
.
These results were evident I week after infarction and were
maintained through the 4 week period of follow-up . If
coronary reperfusion had mediated improved ejection frac-
tion by causing iutramyocardial hemorrhage or edema, or
both, with secondary reduction of dyskinesia, further in-
crease of stiffness would have been predicted .
These results
indicate that the improved systolic
function observed after
early coronary reperfusion reflects a process other than
increased stiffness, perhaps salvage of jeopardized myocar-
dium .
We thank Steven R. Bergmann, MD. PnDand Burton E. Sohel, MD for their
inn ovative ideas in stimulafing this project ; Doom Marquan, R: and Nancy
A . Riecioni . RN for their expert technical assistance and lean Cattaneo for
assisting in preparing the manuscript .
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